Abstract Our study used a ∼360-year fire chronosequence in northern Sweden to investigate post-fire microbial community dynamics in the boreal bryosphere (the living and dead parts of the feather moss layer on the forest floor, along with the associated biota). We anticipated systematic changes in microbial community structure and growth strategy with increasing time since fire (TSF) and used amplicon pyrosequencing to establish microbial community structure. We also recorded edaphic factors (relating to pH, C and N accumulation) and the physical characteristics of the feather moss layer. The molecular analyses revealed an unexpectedly diverse microbial community. The structure of the community could be largely explained by just two factors, TSF and pH, although the importance of TSF diminished as the forest recovered from disturbance. The microbial communities on the youngest site (TSF = 14 years) were clearly different from older locations (>100 years), suggesting relatively rapid post-fire recovery. A shift towards Proteobacterial taxa on older sites, coupled with a decline in the relative abundance of Acidobacteria, suggested an increase in resource availability with TSF. Saprotrophs dominated the fungal community. Mycorrhizal fungi appeared to decline in abundance with TSF, possibly due to changing N status. Our study provided evidence for the decadal-scale legacy of burning, with implications for boreal forests that are expected to experience more frequent burns over the course of the next century.
Introduction
Bryophytes are important components in many ecosystems, including bogs, boreal forests and the biological soil crusts of arid regions. Microbes living on moss tissue can have great ecological significance in these habitats [1] [2] [3] [4] . The boreal bryosphere (i.e. the living and dead parts of the feather moss layer on the boreal forest floor, along with the associated biota) is particularly significant [5] . It is spatially extensive, accounts for a significant proportion of boreal forest biomass and plays a critical role in biogeochemical cycling [6] . The ecological function of microbes dwelling in the boreal bryosphere is disrupted by fire, a disturbance which may increase in severity and/or frequency with climate change [7] . However, whilst there has been extensive research into the effects of burning on communities of plants and animals, relatively little work has been carried out on the long-term Electronic supplementary material The online version of this article (doi:10.1007/s00248-016-0832-7) contains supplementary material, which is available to authorized users.
(decades-centuries) fate of microbial communities following fire disturbance. We therefore set out to infer long-term changes in the bacterial and fungal communities of the boreal bryosphere following fire disturbance. We also aimed to relate these changes to disturbance-related shifts in environmental (primarily edaphic) conditions.
Upland moss communities of the boreal forest are dominated by two pleurocarpous moss species: Pleurozium schreberi (Brid.) Mitt. and Hylocomium splendens (Hedw.) Schimp., and the acrocarpous moss Polytrichum commune (Hedw.) Hylocomium and Pleurozium can account for 30 to 95 % of average cover of the boreal forest floor and yield a net primary productivity (NPP) of 240-440 kg ha −1 year −1 and a total biomass of up to 2000 kg C ha −1 [8, 9] . This photosynthetic capacity is reflected in an ecosystem productivity that rivals and at times (early to mid-succession) surpasses that of the overstory [10] . Further, the moss bottom layer serves a variety of functions in the boreal forest, acting to detoxify water, regulate nutrient uptake and minimise nutrient loss [5] .
To a large extent, the microbes of the moss layer underpin the cycling of carbon (C) and nitrogen (N) in boreal forests. DeLuca et al. [11] estimated that Cyanobacteria living in the bryosphere are responsible for the fixation of 1.5-2.0 kg N ha −1 year −1 in mid-successional to late-successional boreal forests. Cyanobacterial activity is therefore a major determinant of boreal forest productivity because these ecosystems are N limited [12] . Heterotrophic organisms which feed on or interact with Cyanobacteria within the bryosphere are likely to play a key role in the turnover and cycling of fixed N at an ecosystem level [5] . Microbially mediated biogeochemical processes are disrupted by fires that affect the moss and underlying humus layer. Aside from obvious losses of microbial biomass [13] , previous studies have shown that burning releases a pulse of mineralised N into the soil, resulting in higher N turnover rates and availability [14] . Burning also reduces soil organic carbon, promotes the formation of chemically recalcitrant charcoal and increases pH, all of which have long-term impacts on ecosystem function.
Temporal changes in microbial community structure following disturbance have been studied before, and there is a small body of work on the post-fire recovery of soil microbial communities (SMCs) [13, [15] [16] [17] [18] . In addition, microorganisms living in boreal forests, particularly soil fungi, have been the subject of previous studies [19] [20] [21] [22] [23] . However, whilst a number of researchers have investigated comparatively short-term microbial succession, few have concentrated on long-term (decades-centuries) changes in community composition and structure [24] . Furthermore, with a few notable exceptions [25, 26] , microbes dwelling in the bryosphere have received little attention. This is, to our knowledge, the first study to encompass both the bacterial and fungal communities of the boreal bryosphere.
Previous research has demonstrated that SMCs are heavily influenced by edaphic factors [27] [28] [29] . It is reasonable to assume that microbes in the bryosphere respond to similar factors, as bryophytes form a continuous interface between the soil organic layer and the forest understory. In a spatially extensive study, Fierer and Jackson [30] found that the abundance of major bacterial phyla varied systematically according to resource availability. In soils where resources were plentiful, communities were dominated by bacteria with copiotrophic (r-selected) growth strategies. These bacteria preferentially consume labile C and have high nutritional requirements and high growth rates. Conversely, where resources were limited, oligotrophic (K-selected) soil bacteria were more prevalent. Studies of soil fungi have also highlighted differences in life history strategy related to edaphic factors. For example, Lindahl et al. [31] found that newly shed litter on the floor of a boreal forest was dominated by saprotrophic fungi, which were more efficient at utilising fresh plant tissue. More decomposed substrates were characterised by (a) 'late' colonising saprotrophs capable of metabolising recalcitrant substrates and (b) mycorrhizal (MR) fungi. Given the significance of environmental factors to microbial community structure, it is reasonable to posit that microbial communities in and around the soil environment will respond to the progressive changes in edaphic factors that accompany post-fire succession.
The bryosphere is an intermediate layer between belowground and aboveground components of the boreal forest [32] , and as such, it is influenced by both the underlying soil and the forest canopy. Even though the feather mosses that make up much of the bryosphere have non-vascular rhizoids rather than roots, previous research has demonstrated that changes in nutrient availability during succession may be reflected in the chemistry of moss tissue [33] , and direct uptake of C and N from the soil has been described in feather moss species such as P. schreberi [34] . Higher N turnover during early succession results in higher N deposition and availability after a fire [35] , which may also influence microbial community composition in the bryosphere. We therefore anticipated that microbial community composition and structure in the bryosphere would vary systematically with time since fire (TSF). We expected r-selected bacteria to dominate shortly after disturbance, as these taxa can proliferate rapidly when resources are plentiful (e.g. mineralised nutrients released by burning and labile organic matter in the form of dead roots and microbial cells). K-selected bacteria should be dominant on older sites where diverse communities have established, nutrients have been leached or tied up in chemically recalcitrant organic compounds and nutrient cycles are less 'leaky'. Similarly, we anticipated that saprotrophic fungi would dominate on 'young', rege nerating sites. On older sites, where trees and ericaceous shrubs have become established, we anticipated a higher proportion of mycorrhizal fungi [36] .
Methods
We investigated long-term changes in microbial community structure using space-for-time substitution, i.e. by comparing sites that only varied in terms of TSF (commonly referred to as a fire chronosequence). This approach has well-known limitations [37] . For example, in studies utilising fire chrono sequences, there are, by definition, no control sites (unburnt locations of a similar age). Furthermore, the patchy nature of fire disturbance makes it difficult (frequently impossible) to identify replicate sites. Despite these limitations, the use of chronosequence studies has gained wide acceptance in ecology [38] [39] [40] , including microbial ecology [16, [41] [42] [43] . Indeed, in many circumstances, it may be the only way of gaining a long-term perspective on ecological processes [44] . Most commentators agree that the most important consideration in such studies is good age control [37] .
Study Site
The study was conducted in the boreal forest of northern Sweden, utilising five sites that formed a 363-year fire chronosequence ( Table 1 ). The characteristics of the sites have been described in detail elsewhere [45] [46] [47] . The natural fire return period for this habitat has been estimated to be ∼60 years [48] . Vegetation succession following fires is relatively slow: Locations <∼80 years since burning are considered to be in the early stages of succession; those ∼100-200 years are mid-succession, and sites >200 years are in the later stages of succession [46] . The sites were chosen to (a) minimise differences in state factors, other than TSF, and (b) to encompass a broad age range, with an even temporal spacing of sites at early, mid and late stages of forest succession. The soils on the sites were podzolic (Typic or Entic Haplocryods) and formed on granitic glacial tills. The altitude of the sites was similar (300-400 m above sea level); mean annual temperatures on the sites average ∼1°C, with approximately 570 mm of precipitation annually. Background rates of nitrogen (N) deposition are low (<2 kg ha
). The sites were characterised by the dominance of Scots Pine (Pinus sylvestris L.) and a feather moss ground layer (primarily P. schreberi) that increased in % cover with TSF. The feather moss layer is home to populations of Cyanobacteria (primarily Nostoc sp.) that play a key role in the boreal N cycle [11] . Dwarf shrub cover on the sites also increased with TSF. Vaccinium myrtillus L. and Vaccinium vitis-idaea L. were the dominant shrubs on young sites but were replaced with ericaceous species (Empetrum hermaphroditum (Lange) Hagerup, Calluna vulgaris L.) as TSF increased.
Sampling
P. schreberi shoots from five sites (abbreviated as RUS, LAD, GUO, TJA and REV; see Table 1 ) were analysed. We randomly selected shoots from six locations along an established transect on each site (10-15 shoots/location); the shoots were consistently 5-7 cm in length. The shoots were placed in sterile plastic sample bags and stored at −20°C shortly after collection. The collected material comprised both green and brown sections of the moss shoot. The brown sections were attached to the green tips and were largely intact (i.e. they retained recognisable leaves).
Edaphic Factors and Feather Moss Layer Thickness
In addition to sampling moss shoots, we also collected samples of the (mainly organic) material underlying the moss layer, in order to characterise edaphic conditions on each site. Samples were taken from 12 1-m 2 plots, arranged in 100-300-m-long transects. Five 2.5-cm diameter cores were collected a short distance (within ∼1 m) from each plot. The moss/litter layer was removed from each core, which was then divided into a humus layer and mineral soil component (only the humus layer is considered in this study because we were most interested in conditions in the immediate proximity of the mosses). The five subsamples were then bulked to create a single sample for each plot, sealed in plastic bags and kept refrigerated (5°C) until they were analysed. Through-fall N (NH 4 + -N and NO 3 − -N) was monitored over the period of a year (June 2012-June 2013) using through-fall collectors as described in Rousk et al. [34] .
Our analysis focused on edaphic factors that have been demonstrated to influence the structure of SMCs, on the assumption that similar factors would structure the microbial community of the moss layer. Particular emphasis was placed on N status, as boreal ecosystems are generally N-limited, and burning has been demonstrated to influence levels of soil N. Hence, we collected data on the following characteristics of the humus layer: total C and N, dissolved organic C (DOC), total dissolved N (TDN), extractable inorganic N (EIN), dissolved organic N (DON), through-fall N and the pH of the humus layer. Total C and N were determined by dry combustion using a C elemental analyser (Leco Corp., St. Joseph, MI, USA), following drying of the humus samples at 60°C. In order to establish DOC and TDN, 5 g (dry weight (DW) equivalent) of humus was placed in 25 ml of 0.05 M K 2 SO 4 , shaken for 30 min and centrifuged at 3000×g for 5 min. The K 2 SO 4 extracts were 10-fold diluted with deionised water and analysed using a Shimadzu TCV-TNM1 analyser (Shimadzu Corp., Kyoto, Japan). EIN was also determined using a Shimadzu TCV-TNM1 analyser, after placing 5 g (DW) of humus in 25 ml 1 M KCl, shaking the mixture for 30 min and centrifuging at 3000×g for 5 min. DON was calculated as TDN − EIN. Humus pH was established with an electronic pH meter after suspending 1 g (DW) of humus in 25 ml 0.01 M CaCl 2 .
The thicknesses of (a) the green and brown parts of the moss layer and (b) the humus layer were recorded at each forest site in order to identify changes in the structure of the moss layer with TSF [49] . The brown moss tissue was distinguished from the humus layer according to structural integrity and degree of decomposition: If dead tissue was clearly attached to green tissue, it was classified as 'brown'. If the dead tissue was detached, obviously decomposed and/or fragmented, it was considered part of the humus layer. On each site, depth of moss (green and brown parts) and humus layer were recorded in 12 1-m 2 plots along 100-300-m-long transects.
Molecular Analysis
DNA was extracted and cleaned with a MoBio Powersoil kit (MoBio Laboratories Inc., Carlsbad, CA) in accordance with the manufacturer's instructions. Two whole shoots (comprising both green and brown sections) were placed in each reaction tube (30 reactions in total). Aliquots (15 μl) were taken from each DNA extract and pooled according to site, i.e. five pooled samples were sequenced. The pooled samples were then analysed via tag-encoded FLX amplicon pyrosequencing, utilising a Roche 454 FLX instrument (454 Life Sciences, Branford, CT). The primer set 104F (5′-GGACGGGTGA GTAACACGTG-3′), 530R (5′-GTATTACCGCGGCT GCTG-3′) was used for bacteria; the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′-TCCT CCGCTTATTGATATGC-3′) were used for fungi (i.e. the fungal dataset was primarily based on a ∼700-bp region spanning the ITS1, 5.8S and ITS2 regions). The pyrosequencing was performed by Molecular Research LP (MR DNA, Shallowater, TX) based upon their published protocols.
The number of Cyanobacterial reads generated by the 104F-530R assay was found to be low. To check the analysis, a second pyrosequencing assay was performed using new moss samples and a primer set targeted at Cyanobacteria, i.e. CYA359F (5′-GGGGAATYTTCCGCAATGGG-3′) and 781R (5′-GGGGAATYTTCCGCAATGGG-3′) [50] . To avoid flooding the sample with moss chloroplasts, we immersed the moss shoots in 2 ml sterile water, agitated the sample and performed the extraction on 750 μl of the supernatant. The PCR conditions were the same as those used for the first bacterial assay (i.e. utilising the primer set 104F-530R).
Processing of Molecular Data
Mothur 1.32.1 [51] was used to process raw sequence data generated by the amplicon pyrosequencing, following the pipelines described in Cutler et al. [24] .
Bacterial 16S ribosomal RNA (rRNA) and fungal ITS gene flow files were trimmed and denoised with the mothur implementation of PyroNoise [52] . Bacterial sequences were aligned using the corresponding SILVA reference alignments [53] , and only sequences spanning the targeted regions were kept. Data were denoised by clustering together sequences with 1-bp mismatch per 100 bp, and chimeras were removed using the mothur implementation of uchime [54] . Bacterial rRNA sequences were classified against the SILVA reference databases using the Wang method [55] , with a cut-off value of 60 % for taxonomic assignment. Bacterial sequences were also clustered into operational taxonomic units (OTUs) at the 97 % similarity level, which corresponds approximately to the species level.
For fungal ITS sequences, following denoising, the ITS1 region was extracted using the ITS Extractor tool on the PlutoF Workbench [56, 57] and sequences shorter than 100 bp were discarded. Chimeras were removed using the mothur implementations of uchime. Sequences were clustered into OTUs at a 93 % similarity level, based on the average sequence divergence between named species in GenBank [58] . For OTU clustering, a distance matrix was constructed in mothur using pairwise distance values, with consecutive gaps treated as one and ignoring gaps at the end of pairs. Sequences were classified against the UNITE + INSDC fungal ITS database [59] , modified as previously described [24] , with a cut-off value of 50 % for taxonomic assignment.
All sequence data were uploaded with MIMARKScompliant metadata to the NCBI Sequence Read Archive under bioproject number PRJNA287796.
Statistical Analysis
Microbial community structure was analysed using canonical correspondence analysis (CCA). Highly correlated edaphic variables were manually removed to progressively simplify the model (refer to Online Resource 1 for further details). An ANOVA-like permutation test (using 100 permutations) was used to test the significance of the resulting CCA. Random sampling was used to standardise the number of reads in each sample, to ensure comparability. Individualbased rarefaction curves were produced to assess the impact of standardisation on the number of OTUs in each sample. As most environmental microbial communities are under sampled, we also extrapolated the OTU data to estimate the 'true' underlying richness of the samples using the Chao 1 metric [60] . Shannon diversity was calculated using the standardised datasets (including singletons). A Mantel test was used to assess the correlation between matrices of geographical distance (calculated from the coordinates of each site) and community dissimiliarity metrics (Bray-Curtis dissimilarity). The significance of the Mantel statistics was evaluated by randomly permuting the rows and columns of the first dissimilarity matrix (100 permutations). Regression analysis was used to test whether edaphic properties, through-fall N and moss layer thickness varied with TSF. We fitted regression models ranging from linear to a degree 3 polynomial to determine the simplest model sufficient to explain the relationship between each variable and TSF [61] . We performed ANOVA to compare the regressions, using an F test [61] . A Bonferroni adjustment was performed on p values with the significance level set at p < 0.001. All analyses were performed in R unless specified otherwise [62] .
Results

Edaphic Factors and Moss Thickness
The humus layer was acidic: pH ranged from 2.9 to 4.1, with the highest mean value (pH = 3.5) recorded for the GUO site ( Table 2 ). The pH of the humus layer did not vary systematically with TSF. Accumulation of C and N (t ha −1 in the humus soil) was positively correlated with TSF but decreased on the oldest site ( Fig. 1a; N not shown). The total C/N ratio of the humus layers stayed relatively constant at ∼45, with the exception of the LAD site, where low total N resulted in a mean C/N ratio of 99.4 ± 2.6. DOC and TDN were also found to be positively correlated (Kendall's rank correlation, tau = 0.72, p < 0.001). The highest values of DOC were recorded on sites of an intermediate age, resulting in a humped relationship when plotted against TSF (Fig. 1b) . EIN was positively correlated with TSF (Kendall's rank correlation, tau = 0.30, p < 0.03) but was also somewhat lower on the oldest site (Fig. 1c) . Through-fall N did not vary systematically with time for the sites sampled in this study (Fig. 1d) . The length of the green portion of the moss layer stayed constant with TSF (mean length 2.4 ± 0.1 cm), whereas the length of the brown tissue increased with TSF (Fig. 1e) . The depth of the humus layer was also positively correlated with TSF, although it was somewhat shallower on the oldest site, REV (Fig. 1f) .
Microbial Community Structure
A number of potential constraining variables were omitted from the analysis due to high levels of collinearity (Online Resource 1). The ordination of bacterial community constrained by TSF and pH (humus) was significant (p = 0.025) and explained about 62 % of the variance in the bacterial community. The constraining variables were of similar overall significance (Fig. 2) . The CCA biplot showed a clear separation of the youngest site, RUS, on an age gradient and the differentiation of the older sites along a pH gradient, with GUO, the site with the highest mean pH, as an outlier. When CCA was performed on the bacterial communities of the older sites (i.e. omitting RUS), with (a) TSF and pH and (b) pH only as constraining variables, the results were not significant. The Mantel correlation between matrices of geographical separation and community dissimilarity was not significant, either (Mantel correlation = 0.32, p = 0.37).
For the fungal samples, the CCA also included TSF and pH as constraining variables (Fig. 3) . The model was highly significant (p < 0.01) and explained about 64 % of the variance in the data. Axis CCA1 was closely correlated with TSF; CCA2 was correlated with pH. As with the bacterial community, the CCA biplot showed a clear separation of the youngest site along CCA1 and the differentiation of the older sites along a pH gradient. The CCA that excluded the RUS site was not significant with TSF and pH as constraining variables. However, CCA with only pH as a constraining variable was significant for the older sites (p = 0.04). In this analysis, pH explained 45 % of the variance. There was no significant correlation between geographical separation and fungal community dissimilarity (Mantel correlation = 0.89, p = 0.08). 
Bacterial Communities
Amplicon pyrosequencing generated 12,336 bacterial reads, grouped into 895 OTUs. The number of reads per sample varied from 1215 to 4253 (samples were standardised to 1215 reads). Rarefaction analysis indicated that the sites had not been sampled to the point of saturation (Online Resource 2): Observed richness in the standardised samples ranged from 48 to 61 % of estimated community richness (Online Resource 3). The bacterial communities on each site were highly uneven, with a few dominant taxa and many rare OTUs. Bacterial diversity was similar on each of the sites and did not appear to vary systematically with TSF (Table 3 ) nor was it obviously correlated with edaphic factors that are commonly thought to structure bacterial communities, e.g. C/N and pH.
A total of nine bacterial phyla were identified, but only three of these were represented by significant numbers of reads: Proteobacteria (64 % of all reads), Acidobacteria (29 %) and Actinobacteria (5 %). Most of the Proteo bacterial reads were associated with the Gamma proteobacteria (Table 4) . Prominent Gammaproteo bacterial taxa included Pseudomonas sp. and Serratia sp. Sequences associated with the Betaproteobacteria were also abundant; most came from the genus Burkholderia. Most Acidobacterial sequences were Edaphobacter sp. Total numbers of Acidobacterial sequences appeared to decline with TSF (Fig. 4) ; Proteobacterial abundance exhibited the opposite pattern. The Actinobacterial reads were dominated by the family Actinomycetales.
The bacterial assay using the 104F-530R primer set revealed very few sequences that could be confidently associated with Cyanobacteria. The second assay utilising a targeted primer set identified more Cyanobacterial reads, but the level of taxonomic resolution was low. The sequences from the second assay were dominated by Nostoc sp. and mostly associated with the older sites (TJA in particular).
Fungal Communities
The analysis generated a total of 64,647 fungal reads (10,143-25,854 per sample) before standardisation, encompassing 1162 OTUs. The number of reads was standardised to 10,143 per sample. The 839 OTUs present in the standardised samples were more or less evenly distributed between the sites (Table 3) . As with the bacterial assay, rarefaction analysis suggested that none of the communities had been sampled to saturation. There was also some crossing of the rarefaction curves at low sample numbers, indicating that richness in the standardised samples might not reliably indicate underlying community diversity (Online Reso urce 2). Chao 1 estimates indicated that observed richness in the standardised samples represented 39-66 % of extrapolated community richness (Online Resource 3). The ordering of the sites according to estimated richness differed from ranking based on the standardised samples. However, when the error of the estimates was taken into account, richness was similar on four of the five sites (estimated richness was markedly lower on the GUO site; Online Resource 3). Fungal diversity was generally higher than bacterial diversity.
Only Table 5 ). Reads from the Ascomycota accounted for 62 % of the total. The Basidiomycota accounted for 23 % and Zygomycota 3.8 %. Approximately 11 % of reads could not be matched to databased sequences at a phylum level.
Fungi from the class Leotiomycetes were by far the most common Ascomycetes: They were mostly from the family Helotiales (the genus Crocicreas was prominent). The class Sordariomycetes was also abundant: Prominent members included Hypocrea avellanea and Pestalotiopsis sp. However, a substantial minority of reads (∼19 %) were unclassified below subphylum level.
Most of the Basidiomycetes were from the class Agaricomycetes, although few could be resolved to finer taxonomic levels. Mycena sp. (saprotrophs from the order Agricales) and Clavulina species (a putative mycorrhizal fungus from the order Cantherellales) were notably abundant on the youngest site (RUS). Reads from the class Treme llomycetes were also relatively abundant, notably Cystofilo basidium sp. and Cryptococcus sp. The class Microbo tryomycetes was mainly represented by Rhodotorula sp. (pigmented yeasts).
Where the level of taxonomic resolution was suitably high, taxa were tentatively assigned to ecological groups, based on published literature (ultimately, about a third of fungal sequences were resolved to at least genus level). A variety of different lifestyles were represented, including saprotrophs, endophytes/plant parasites and mycorrhizal fungi. Saprotrophic fungi, notably Mortierella sp., Crocicreas sp., Aureobasidium sp., and a variety of yeasts (Cystofilobasidium sp., Cryptococcus sp., Rhodoturula sp.) were dominant on sites of all ages. The saprotrophic fungi encompassed a range of 'early' and late varieties, as classified by previous studies of fungal succession. For example, Ascomycetes from the Dothideomycetes (e.g. Aureobasidium and Cladosporium spp.) are often considered early/primary colonists; Mortierella is considered a late/secondary variety [31, 63, 64] . Reads associated with mycorrhizal H Shannon diversity fungi were relatively uncommon throughout and appeared to decline with time since burning ( Table 6 ). All the putative mycorrhizal taxa identified were ectomycorrhizae.
Discussion
The analysis of the sequencing data indicated temporal changes in both the bacterial and fungal communities of the bryosphere. Variations in community structure could be largely explained with just two constraining variables: TSF and pH of the humus layer. However, the significance of TSF was largely driven by the youngest site, RUS, which was an outlier in terms of microbial community composition. Shifts in community structure were accompanied by changes in life history strategy: Copiotrophic bacteria became dominant as TSF increased, and mycorrhizal fungi declined in relative abundance.
Edaphic Factors and Moss Thickness
Overall, C and N appeared to accumulate in the moss layer over time. This trend is consistent with well-established models of ecological succession [65] . The LAD site was located in a small forest stand, and a more pronounced edge effect (e.g. more frequent desiccation) may have been less favourable for N fixation, resulting in a higher C/N ratio. Most models of forest succession predict decreased soil pH over time as organic acids accumulate [44] . This was not observed in the moss layer, possibly because organic acids were leached from the base of the moss layer into the mineral soil (an increase in mineral soil pH with TSF was recorded (results not shown)). The moss layer data were also predictable: The length of the photosynthesising portion of the shoot stayed constant, whilst more recalcitrant C accumulated in brown tissue and the underlying humus layer.
Microbial Community Structure
The ordinations indicated that TSF was an important factor in explaining microbial community structure. Strictly speaking, time is not an environmental factor; rather, it integrates an array of changes, both biotic and abiotic, that occur over time.
In this case, TSF was closely related to several edaphic factors (notably total C, total N and EIN) and the physical attributes of the bryosphere (moss layer thickness and moss litter accumulation). Progressive changes in these factors are likely to have impacted on microbial community structure. However, the chronosequence had few young sites, and this made it difficult to infer microbial community dynamics in the earliest stages of succession. A future study might usefully focus on the 121-year period separating the two youngest sites, as it is likely that many changes occurred early in the recovery of the ecosystem. One of the most striking features of the CCA plots was the isolation of the youngest site, RUS (14 years since burning) from the older sites (TSF > 100 years). The distinct community on this site may well have been due to the relatively early successional stage (i.e. differences in canopy structure, light availability, moisture regime, etc.). This outlier increased the significance of TSF: It is likely that the importance of this factor declines for mid-successional and latesuccessional sites, as evidenced by the CCA performed on only the older sites. Previous studies have reported that pH plays a key role in structuring SMCs [27] [28] [29] , including those in boreal locations [13, 17, 20, 21] . In the present study, CCA indicated that pH was important to the microbes of the bryosphere, too, particularly those on the older sites. In fact, pH was nearly as important as TSF in terms of accounting for community structure, reinforcing the link between the attributes of the bryosphere and edaphic properties. As with TSF, it is likely that pH is a proxy for other biochemical properties (e.g. the availability of mineral nutrients or cytotoxic Al 3+ ), rather than a proximate cause of community variation [20] . After rapid changes in the early stages of secondary succession, factors such as slight variations in pH become more significant than TSF in determining microbial community structure (particularly fungi).
Bacterial Communities
The most common bacterial taxa occurred on all of the sites: Community turnover was relatively low. However, the bacterial ordinations suggest that the youngest site (RUS) was distinct from the older sites in terms of community composition. It is possible that bacterial communities either resist fireinduced changes or assemble and equilibrate relatively quickly (years-decades) after burning. Xiang et al. [17] observed that soil-dwelling bacteria in a boreal soil were relatively insensitive to fire disturbance and recovered to pre-fire levels within 11 years of burning. Bergner et al. [66] also commented on the robustness of soil bacteria in the face of fire distur bance. Fig. 4 The relative abundance of the major bacterial phyla, showing the general increase in Proteobacterial reads with TSF and the accompanying decrease in Acidobacteria. TSF increases from left to right At a phylum level, the bacterial communities of the bryosphere were broadly similar to those described for boreal soils. A number of studies have reported the dominance of Proteobacteria in boreal soils along with high relative abundances of Acidobacteria and Actinobacteria [21, 67, 68] . Smith et al. [13] reported that Betaproteobacteria were highly characteristic in boreal soils 1 year after fire; Alphapro teobacteria and Gammaproteobacteria were associated with unburnt treatments. Similarly, Xiang et al. [17] noted an increase in the relative abundance of Betaproteobacteria after burning and a concomitant decrease in Alphaproteobacteria. In our study, Gammaproteobacteria certainly appeared to be associated with sites that had recovered from burning (high numbers of reads on mid-successional to late-successional sites). However, Betaproteobacterial reads increased with TSF, whilst Alphaproteobacterial reads decreased. The timescales involved in our study were much longer than those in published accounts and transient changes in Alpha proteobacterial/Betaproteobacterial communities that occurred immediately after burning would have been missed. A sparsity of reads, coupled with poor taxonomic resolution, meant that it was not possible to comment on changes in the Cyanobacterial community.
An absence of plant roots (and the exudates that can support dense concentrations of bacteria), periods of desiccation and exposure to UV radiation might all be expected to impose stringent environmental filters on bacterial colonisation in the moss layer, with the net effect of suppressing diversity. However, Shannon diversity metrics for the bacterial communities (3.6-4.6) fell within the range previously reported for boreal soil communities. Dimitriu and Grayston [20] , for example, recorded bacterial Shannon diversity figures around 3.5 (range 2.9-5.8) in boreal Canada; Neufeld and Mohn [68] observed values ∼5. Bacterial diversity was probably enhanced by the synchronous sampling of two distinct niches (living and senescent tissue). Rarefaction analysis indicated that the communities had not been sampled to saturation, i.e. bacterial richness was underestimated. However, the Chao 1 estimates suggested that richness was consistently under estimated in the standardised samples. Overall, there was no overriding pattern in diversity with TSF.
Changes in the relative abundance of the main bacterial phyla with TSF were suggestive of systematic shifts in life history strategy. Proteobacterial reads generally increased with TSF; Acidobacterial sequences exhibited a corresponding decrease (Fig. 4) . Proteobacteria often adopt copiotrophic strategies where resources are plentiful [69] . In contrast, studies suggest that Acidobacteria are capable of metabolising a range of substrates, including moderately recalcitrant to recalcitrant compounds such as hemicellulose, cellulose and chitin [70] . As such, they are often associated with oligotrophic conditions and should be able to survive in habitats unfavourable to copiotrophs [30] . A similar trend has also been observed in bryophytic soil crusts where high C availability was related to a higher abundance of Bacteroidetes compared to Acido bacteria [4] . Therefore, an increase in Proteobacterial abundance, coupled with a decline in reads from Acidobacteria, may indicate ameliorating growth conditions for bacteria with time and an overall shift from K to r strategies as plant succession progresses and carbon and nitrogen accumulate in the system [71] . This was at odds with our original expectation of a shift from r-selected to K-selected bacterial life history strategies.
Fungal Communities
As with the bacteria, the ordinations suggested that the youngest site (RUS) was qualitatively different from the older sites in terms of its fungal community. A number of authors have noted the sensitivity of fungal communities to burning [13, 16, 66] and forestry practices [72] . However, even though fungi are sensitive to disturbance and slower than bacteria to recover, fungal communities are likely to return to a pre-fire state within a few decades of disturbance. LeDuc et al. [18] , for example, observed few changes in ectomycorrhizal communities on sites >25 years old in a fire chronosequence. Similarly, Treseder et al. [73] found that ECM in the Alaskan boreal forest returned to pre-fire levels within 15 years, and Holden et al. specified a fungal recovery period of at least 24 years [16] . Davey et al. [72] reported the recovery of fungal communities associated with boreal feather mosses within 30 years of clear-cutting. Based on our findings and other published reports, it is likely that the re-establishment of fungal communities in the moss layer, either from spores or hyphae surviving in the soil, is rapid in successional terms (years or decades) [15] : Most of the major structural changes on our sites occurred early on. The recovery of the fungal community may have been related to the recovery of the moss layer which takes 20-30 years [46] and/or the re-establishment of understory herbs and shrubs [19, 25, 74] . If burning of the forest becomes more frequent, i.e. if the return period of fires becomes less than the recovery period of the fungal community, fungi might be suppressed and the microbial community could be kept in a perpetually early stage of succession. Restraint on the development of fungal taxa could have implications for the cycling of recalcitrant C in the moss layer.
Ascomycetes are often the dominant fungi in soil habitats. The ratio of Ascomycetes to Basidiomycetes in the moss layer was similar to the figures reported for soil fungi. Hartmann et al. [67] , for example, reported an Ascomycete/Basidiomy cete ratio of 2:1 in the soil of a coniferous forest in British Columbia. Davey et al. [25, 75] recorded ratios of 1.5-2:1 in studies of boreal mosses. Many of the fungal taxa observed were familiar from soil habitats elsewhere. Davey et al. [75] , for example, recorded the dominance of Basidiomycetes from the order Agaricales in a survey of boreal moss microbes.
Mortierella, a genus that is reported in many studies of forest soil microfungi, e.g. [19, 23, 76] , was also common on the study sites, along with a number of hyphomycetes and yeastlike fungi previously reported from forest litter, e.g. Cystofilobasidium, Cryptococcus and Rhodotorula spp. [77] . Other fungi commonly recorded in comparable boreal habitats (notably Penicillium, Trichoderma and Umbelopsis spp.) were much less abundant. Furthermore, taxa more usually associated with the phyllosphere were common on some sites, e.g. Pestalotiopsis spp. (usually found on pine cones and needles) and Cercospora spp. (plant pathogens that cause leaf spots). Other researchers have reported the role that the bryosphere plays in the interception of litter from vascular plants in the forest canopy and understory [78] . The bryosphere can therefore be characterised as an interface between aboveground and litter/soil habitats, with characteristics of both. Such a variety of ecological niches may well promote fungal diversity in this habitat.
The youngest site (RUS) was characterised by the abundance of two saprotrophic taxa, Mycena sp. and Crocicreas sp., which were rare on older sites. Reads associated with Mortierella sp. and Trichoderma sp. were rare on the RUS site and most abundant on the two oldest sites. These taxa are often considered late fungal colonists, i.e. they are usually associated with well-decomposed organic matter. An increase in the relative abundance of late fungal colonists on older sites might reflect a higher proportion of senescent material in the moss layer. Similarly, the rarity of hyphomycetes on RUS might also be indicative of systematic difference in litter quality between the youngest site and locations >100 years old.
The predominance of saprotrophic fungal taxa was consistent with previous studies conducted in boreal forests. The composition of the mycorrhizal community was also as expected: Trees and shrubs in boreal forests often exhibit an obligate need for ericoid and ectomycorrhizal fungi [79] . Some mycorrhizal fungi can penetrate the moss layer from below in boreal forests [75] and appeared to have done so in this study, although it was not possible to distinguish between active and inactive cells. However, ECM fungi were greatly outnumbered by saprotrophs and non-mycorrhizal root endophytes, and there was not any evidence for a shift from saprophytic to mycorrhizal fungi consistent with our expectations. Indeed, the opposite pattern was observed: The number of sequences from putative mycorrhizal taxa was highest on the youngest site and declined thereafter. This might not be representative of the boreal mycorrhizal community generally. For example, it might result from a decline in MR species that forage in the moss layer or a general decrease in the exploitation of moss as a substrate. However, it could be associated with important changes in the bryosphere associated with succession.
The decline in the proportion of reads associated with mycorrhizae could represent either an absolute decline (MR biomass decreases) or relative decline (MR biomass stays the same, but other fungi proliferate) in mycorrhizal abundance in the bryosphere. An absolute decline could be driven by changes in nutrient status or biotic factors. Nitrogen availability has been implicated in changes in mycorrhizal communities: For example, LeDuc et al. [18] found changes in mycorrhizal community structure related to the availability of DON and free amino acid N in soil. Högberg et al. [80] hypothesised that ECM might decline in abundance as N concentrations increase and plants allocate less C belowground. Usually, N increases during succession as organic matter accumulates in the system [65] . Clear temporal trends in N availability were not generally apparent in our study, but the RUS site, which had the highest number of reads associated with putative mycorrhizal fungi, was characterised by the lowest figures for TDN and DON (possibly due to the thinness of the humus layer on this site). It is possible that mycorrhizal mycelia diminished as N accumulated during succession.
Changes in biotic factors may also have impacted on the mycorrhizal community. For example, Davey et al. [72] reported that stressed feather mosses in young forest stands (<5 years since clear-cutting) were readily colonised by mycorrhizal fungi. The abundance of these fungi would be expected to decline as growth conditions for the feather mosses ameliorated over time. Compositional changes in the bacterial community might also drive a decline in mycorrhizal biomass. The abundance of Proteobacteria within the genera Burkholderia and Serratia increased with TSF, and these bacteria have been demonstrated to restrict the growth of plant pathogens (notably fungi) on some occasions [81] [82] [83] [84] . It is possible that these bacteria are antagonistic towards fungi in the boreal moss layer and suppressed colonisation by mycorrhizae [85, 86] , although the presence of bacteria such as Burkholderia may be positive in certain circumstances, e.g. when they act as 'helper bacteria' [87] .
As with the bacteria, fungal richness in the standardised samples was underestimated. There was some variation in the shape of the rarefaction curves; however, the Chao 1 estimates indicated that fungal richness was broadly similar on four of the five sites and not clearly related to TSF. The Shannon diversity figures told a similar story. The low estimated richness of the GUO site was probably connected with an extremely uneven distribution of reads between OTUs (Table 3) .
Unusually, fungal diversity was comparable to, or higher than, bacterial diversity (although still within the range observed by Holden et al. [16] across a 100-year fire chronosequence in the Alaskan boreal forest). It should be noted that the number of reads used to calculate fungal diversity was much higher than the equivalent figure for bacteria (10, 143 vs 1215, respectively) . Nevertheless, the factors that mitigate against bacterial growth, e.g. desiccation, low pH, exposure to UV radiation and recalcitrant C compounds, are less limiting for fungi. A variety of substrates (from both the moss layer and vascular plant layers) may promote fungal diversity. It is also known that fungal communities vary with depth within the moss layer [64] , with different communities in green and brown tissue. Along-stem variation in substrate quality might increase fungal diversity, whilst bacterial diversity decreases with depth along the moss stem (Arróniz-Crespo et al. unpublished results).
Spatial segregation might also explain the seemingly contradictory development of the bacterial and fungal communities over time. Changes in the bacterial community suggest an amelioration of growth conditions, but this occurs alongside increasing fungal dominance. This pattern is explicable if the bacteria responded to changes in green tissue (which remained at a constant length), but the fungal community was primarily influenced by changes towards the base of the moss layer. An analysis that looked at along-stem variation in bacterial and fungal communities with TSF could resolve this issue.
Conclusions
Both the bacterial and fungal communities of the bryosphere were similar to those reported in studies of boreal SMCs. Taxonomic diversity was also comparable, even though the bryosphere is a potentially stressful habitat for microbes. Overall, the bryosphere appeared to be an interface between aboveground and belowground habitats, and this configuration might promote fungal diversity. Our study provided evidence for post-fire changes in bacterial and fungal communities in the bryosphere. The youngest site (RUS, 14 years since burning) was qualitatively different from the older sites in terms of microbial community composition. Presumably, most of the major changes in community structure occurred during the post-fire recovery of the moss layer (20-30 years) . Thereafter, the communities appeared to differentiate along a narrow pH gradient. In terms of community composition, the bacterial community shifted from oligotrophic to copiotrophic life history strategies, suggesting an amelioration in growth conditions. Fungal communities were dominated by saprotrophs, but there was an apparent decline in MR fungi with TSF, possibly related to changing N status. Evidence for the decadal-scale legacy of burning has implications for the ecology of boreal forests if, as predicted, the return period of wildfires decreases over the next century. Most notably, reduced fire return periods could keep the microbial communities of the bryosphere (particularly fungi) at an early successional stage, with a knock-on effect on the cycling of recalcitrant C.
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